The magnetic properties and structural stability of Nd2Fe14X (X = B, C, N, O, F) are theoretically studied by first-principles calculations focusing on the role of X. We find that B reduces the magnetic moment (per formula unit) and magnetization (per volume) in Nd2Fe14B. The crystal-field parameter A 0 2 r 2 of Nd is not enhanced either, suggesting that B has minor roles in the uniaxial magnetocrystalline anisotropy of Nd. These findings are in contrast to the long-held belief that B works positively for the magnetic properties of Nd2Fe14B. As X changes from B to C, N, O and F, both the magnetic properties and stability vary significantly. The formation energies of Nd2Fe14X and α-Fe relative to that of Nd2Fe17X are negative for X = B and C, whereas they are positive when X = N, O and F. This indicates that B plays an important role in stabilizing the Nd2Fe14B phase.
I. INTRODUCTION
Back in the 1970's, Sm 2 Co 17 was the strongest known hard magnetic compound. As Co is an expensive element whereas Fe is relatively cheap, developing iron-based permanent magnets was required. Sm 2 Fe 17 , more generally known as R 2 Fe 17 where R represents rare-earth elements, was a natural choice. However, the Curie temperature T c of R 2 Fe 17 is too low for practical applications. For example, T c of Nd 2 Fe 17 is about 330 K [1] [2] [3] . Sagawa came up with the following idea in order to raise the T c of R 2 Fe 17 : The introduction of light elements, such as B and C, at the interstitial region in R 2 Fe 17 , would expand the volume of R 2 Fe 17 [4, 5] . This volume expansion could make the ferromagnetism stronger by the magnetovolume effect, consequently T c would go up. He added B to Nd 2 Fe 17 based on this idea, and successfully developed Nd-Fe-B magnets having a T c of 585 K [4, 6] . It is important to note that the main phase of Nd-Fe-B magnets is Nd 2 Fe 14 B, not Nd 2 Fe 17 B.
After the Nd-Fe-B magnet was developed, the role of B on the magnetism of Nd 2 Fe 14 B was studied theoretically [7] [8] [9] . Kanamori pointed out the importance of the p-d hybridization between B and Fe sites. The magnetic moment of Fe in the vicinity of B should be suppressed. It is called cobaltization. The cobaltized Fe (pseudo Co) can enhance the magnetic moment of the surrounding Fe due to the d-d hybridization between pseudo Co and Fe, as is in Fe-Co alloys [10, 11] . It has been believed for decades that when these chemical effects, owing to hybridizations, are summed up, the total magnetic moment of Nd 2 Fe 14 B increases by B.
Asano In this study, we systematically investigate the influence of B on the electronic states and magnetism of Nd 2 Fe 14 B through first-principles calculations. We find that the total magnetic moment (per formula unit) and magnetization (per volume) of Nd 2 Fe 14 B decrease by the addition of B . This result is analyzed in terms of the chemical effect and magnetovolume effect caused by B. The local magnetic moment at each Fe site is computed and is discussed in connection with cobaltization. We also study Nd 2 Fe 14 X, where X represents C, N, O and F, in order to investigate the effects of the X element on the magnetization, magnetocrystalline anisotropy and stability of Nd 2 Fe 14 X.
II. COMPUTATIONAL METHODS
We perform first-principles calculations of Nd 2 Fe 14 X within density functional theory. We use the computational package OpenMX, which is based on pseudopotentials and pseudo-atomic-orbital basis functions [14] . The basis set of Nd, Fe and X is s2p2d2, and the cutoff radii of these atoms are 8.0, 6.0 and 7.0 a.u., respectively. For semicore states, we treat 3s and 3p orbitals as valence electrons in Fe, as well as 5s and 5p in Nd. An open-core pseudopotential is used for Nd atoms, where 4f electrons are treated as spin-polarized core electrons. The calculation for valence electronic states does not include the spin-orbit interaction. We adopt the PerdewBurke-Ernzerhof exchange-correlation functional in the generalized gradient approximation [15] . The lattice parameters and atomic positions of Nd 2 Fe 14 X are all relaxed. For the convergence criteria, the maximum force on each atom and the total energy are 10 −4 hartree/bohr and 10 −7 hartree, respectively. Spin collinear structures are assumed in all the calculations for Nd 2 Fe 14 X. The cutoff energy is 500 Ry, and 8 × 8 × 6 k-point meshes are adopted for all the calculations.
The magnetic moment is estimated from the spin moment of valence electrons and the contribution of Nd-4f electrons g J J = 3.273 µ B , where g J is the Lande g-factor and J is the total angular momentum of Nd-4f electrons. The magnetization is calculated from the total magnetic moment of Nd 2 Fe 14 X by dividing volume V (see Appendix A) and multiplying the Bohr magneton µ B . The crystal-field parameters A m l of Nd are calculated by using the computational package QMAS, which is based on the projector augmented-wave method [16] . See Refs. [17, 18] for more details.
We note that there are different notations for the Wyckoff positions of Nd 2 Fe 14 B [19] [20] [21] [22] . Throughout this paper, the notation given in Refs. 19 and 22 is used.
III. RESULTS AND DISCUSSION

A. Roles of B in Nd2Fe14B
We Fig.1 . By following the concept of cobaltization, one can expect the decrease of the Fe magnetic moment at the neighbors of B. The local magnetic moment at the Fe sites near the pseudo Co, in turn, can be expected to be enhanced due to the presence of pseudo Co. The Fe atoms at the 16k 1 and 4e sites are the first and second neighbors of B, and the distances between these Fe atoms and B are about 2.1Å. Therefore, these Fe atoms become pseudo Co. In fact, the decrease of the Fe local moments is actually seen at these two sites in Fig.1 . All the other Fe sites are near the pseudo Co, thus, we can see the small enhancement of the magnetic moment at these sites. The reduction at the pseudo Co sites are larger than the increase at the neighbors of the pseudo Co sites in magnitude. To sum up, B reduces the magnetic moment and magnetization of Nd 2 Fe 14 B.
Next, we examine how the magnetocrystalline anisotropy of Nd 2 Fe 14 B is influenced by the added B.
To do this, we analyze the crystal-field parameter A 0 2 r 2 of Nd. The magnetocrystalline anisotropy energy E MAE can be expressed as,
In crystal-field theory, K 1 is expressed as,
where A 0 2 r 2 is a crystal-field parameter. The crystalfield parameter of Nd can be calculated from the effective potential obtained through first principles calculations. Although the magnetocrystalline anisotropy energy includes higher-order contributions, the magnetocrystalline anisotropy of Nd at high temperatures can be discussed by the lowest order contribution [23, 24] . The higher-order crystal-field parameters are discussed in Appendix B. There are two different Wyckoff positions for Nd, labeled as Nd (4f) TiX is seen in the total magnetic moment for X = N. The total magnetic moment is suppressed in the former, whereas it is enhanced in the latter; namely NdFe 11 TiN has a larger magnetic moment than NdFe 11 Ti.
The above results are converted to the magnetization in Fig. 3 . The magnetization is lower in Nd 2 Fe 14 X than in Nd 2 Fe 14 , except when X = O. From the comparison between Nd 2 Fe 14 and Nd 2 Fe 14 X 0 , we can see that the magnetovolume effect is negative in all cases, which is in contrast to the positive magnetovolume effect for NdFe 11 TiX [18] . Especially, the negative effect is large when X is O or F. On the other hand, the chemical effect is negative when X is B, C or N, but positive when X is O or F. The chemical effect plays an important role in enhancing the magnetization of Nd 2 Fe 14 O. Figure 4 illustrates the local magnetic moments at each Fe site in Nd 2 Fe 14 X and Nd 2 Fe 14 X 0 . We can see the increase of the magnetic moments at 16k 1 and 4e sites when X changes from N to O. This enhancement arises from the p-d hybridization between O and Fe [12, 13, 18] . Figure 5 shows the projected density of states on N and O. In the case of X = N, there is a peak above the Fermi level in the majority-spin channel. It comes from the antibonding state between N-2p and Fe-3d orbitals. The corresponding peak in the minority-spin channel is observed at higher energy (2-3 eV above the Fermi level). In the case of X = O, the state is pulled down and is occupied in the majority-spin channel. This spin-dependent occupancy makes a distinction in magnetization between the cases of N and O. A similar increase is observed in the local moment of the Fe(8j) sites in NdFe 11 TiX when X = C and N [18] . The difference can be explained as follows: In NdFe 11 TiX, the anti-bonding state can be constituted from π bonds with surrounding Fe atoms due to the highly symmetric environment at X (even though Ti slightly breaks the symmetry). In Nd 2 Fe 14 X, one X-Fe π bond hybridizes with other Fe atoms via σ bond. This σ bond is stronger than π bond and makes the level of the anti-bonding state higher. Consequently, the antibonding state is shifted down to the Fermi level and occupied for an element having deeper 2p level, that is, O in Nd 2 Fe 14 X. Figure 6 illustrates the dependence of the crystal-field parameter A is mainly due to the chemical effect. Figure 7 shows the formation energies of Nd examined the effects of the X elements on the magnetism in Nd 2 Fe 14 X through first-principles calculations. The enhancement in the magnetization is observed only for X = O. The crystal-field parameter A 0 2 r 2 has a tendency to increase as the atomic number of X increases. ements Strategy Initiative Project under the auspices of MEXT, by "Materials research by Information Integration" Initiative (MI 2 I) project of the Support Program for Starting Up Innovation Hub from Japan Science and Technology Agency (JST), and also by MEXT as a social and scientific priority issue (Creation of new functional Devices and high-performance Materials to Support next-generation Industries; CDMSI) to be tackled by using post-K computer, as well as JSPS KAKENHI Grant No. 17K04978. The calculations were partly carried out by using supercomputers at ISSP, The University of Tokyo, and TSUBAME, Tokyo Institute of Technology, the supercomputer of ACCMS, Kyoto University, and also by the K computer, RIKEN (Project No. hp160227, No. hp170100, and No. hp170269).
Appendix A: Lattice constants
The calculated inner coordinates and lattice constants of Nd 2 Fe 14 X (X = B, C, N, O, F) and Nd 2 Fe 14 are listed in Table II and Tables III, respectively . Volume expansion due to added elements can be seen in all Nd 2 Fe 14 X systems compared to Nd 2 Fe 14 . The lattice parameters c become shorter when B is replaced by C and N, and it becomes longer as X = O and F. This tendency might be related to the p-d hybridization between X and the neighboring Fe at the 16k 1 and 4e sites. X and the neighboring Fe align along the c axis rather than the a axis and c can reflect the bond length between X and Fe. From X = B to N, the atomic radius decreases [26] , thus, the bond length becomes shorter. 
We use the effective potential V lm (r) Table IV . The comparison with the previous calculation [28] and experiment [27] is also shown for Nd 2 Fe 14 B. The order of magnitude for l = 2 and 4 agrees with the previous calculated values, and the sign for them also agrees, except for (l, m) = (4, −2) of Nd(4g). Figure 8 (c) shows the MAE at ϕ = π/4 for Nd(4f). The negative region appears around θ = 0. We here note that the exchange coupling with Fe is not taken into account and that such small contribution of MAE may not survive in the presence of the strong exchange coupling. Therefore, we cannot [28, 30] and experimental [27] studies for Nd2Fe14B. They are described in Kelvin. In Ref. 28 , the notation of the Nd sites, 4f and 4g, are opposite from the present notation, and here it is alternated to compare with our data. The data for Nd1 and Nd2 on the middle layer described in Ref. 30 
